INTRODUCTION
============

The identification of protein--protein interactions (PPIs) within macromolecular complexes is a powerful approach to understanding cellular biology in normal and disease states. Many methodologies exist to discover PPIs, including yeast two-hybrid (Y2H), mammalian two-hybrid, and affinity purification coupled with mass spectrometry ([@B20]; [@B42]; [@B63]; [@B24]; [@B38]). Because these methodologies vary in their degree of sensitivity and specificity, no single approach eliminates false positives and false negatives to detect the full landscape of PPIs ([@B11]; [@B12]). Replication by independent orthogonal assays is thus critical to build confidence in a putative PPI.

Coimmunoprecipitation (co-IP) and affinity pulldown (AP) assays are commonly used to independently confirm PPIs. While these methodologies are considered gold standards, they are biased toward detecting high-affinity PPIs that remain associated with the affinity matrix throughout high-stringency washing steps ([@B24]). Proximity ligase techniques ([@B57]) or chemical cross-linking can assist detection of low-affinity PPIs by IP/AP. Alternatively, single-molecule pulldown optically interrogates the affinity matrix to visualize transient, low-affinity binding events ([@B31]). A drawback to these approaches is that PPIs are assessed outside the cell, where buffer conditions can be a significant cause of false-negative interactions ([@B25]).

Microscopy-based techniques, including fluorescence correlation spectroscopy, fluorescence resonance energy transfer, and bimolecular fluorescence complementation can measure PPIs in live cells, with native buffer, temperature, and intramolecular crowding effects ([@B68]; [@B36]; [@B55]), but require specialized equipment, optimization of fluorescent probe placement, or complex data postprocessing. PPIs can also be detected through spatial correlation (i.e., overlap) of fluorescently labeled bait and prey proteins within a cell ([@B44]; [@B14]; [@B13]; [@B15]). Colocalization techniques are experimentally straightforward but can be confounded when bait or prey localize diffusely throughout the cytosol. Artificially targeting bait--prey complexes to subcellular domains greatly improves specificity of these PPI detection approaches ([@B2]; [@B70]; [@B23]; [@B28]). In the case of vesicle-associated proteins, coupling vesicles to microtubule-based molecular motors redirects bait--prey complexes to a distinct cellular location, providing a highly specific readout of the PPI ([@B32]; [@B3]; [@B4]).

Here we describe the nanoscale pulldown (NanoSPD) as a generally applicable technique for studying cytosolic, nuclear, and membrane-associated PPIs within live cells. NanoSPD repurposes myosin motors to capture, traffic (i.e., pull), and actively concentrate fluorescently tagged protein complexes at the tips of filopodia; actin-based membrane protrusions that extend beyond the periphery of cells ([@B46]). We provide a comprehensive analysis framework and software tool to rigorously quantify and statistically test NanoSPD data sets. Using NanoSPD, we explore a range of macromolecular complexes involved in the detection of sound by auditory hair cells and characterize their binding properties by domain mapping and mutagenesis.

RESULTS
=======

Harnessing myosin-powered intracellular traffic to retarget molecules to filopodia
----------------------------------------------------------------------------------

Myosins are a superfamily of ATPase molecular motors that generate force on actin filaments to power a variety of biological processes, including cytokinesis, cell motility, and intracellular trafficking ([@B61]; [@B65]). We reasoned that myosin-based trafficking could be exploited to artificially displace bait proteins within the cell and hypothesized that interacting prey proteins would be similarly recruited. This idea was explored using the class x myosin molecular motor (MYO10) because of its robust ability to traffic within filopodia and accumulate at their tips ([@B6]; [@B5]; [@B10]). The MYO10 molecule consists of an ATPase motor domain that binds to actin filaments, a neck domain that associates with regulatory light chains, a coiled-coil motif, and a C-terminal tail domain that binds cargo proteins (Kerber and Cheney, 2011) ([Figure 1A](#F1){ref-type="fig"}). Similar to full-length MYO10, truncated molecules still accumulate at filopodial tips ([@B5]) and are referred to as heavy meromyosin, MYO10^HMM^ ([Figure 1, A and B](#F1){ref-type="fig"}). The C-terminal tail domain is therefore not required for MYO10 to traffic within filopodia.

![Principle of the nanoscale pulldown (NanoSPD). (A) Domain representation of full-length EGFP-tagged MYO10^FL^ with the ATPase motor domain, IQ motifs that bind light chains, a coiled-coil and tail domains that bind cargo. Heavy meromyosin MYO10^HMM^ molecules are identical but truncated after the coiled-coil. Query bait proteins are fused to the C-terminus of MYO10^HMM^. (B) EGFP-tagged MYO10^FL^ (top panel) and truncated MYO10^HMM^ (bottom panel) traffic to filopodial tips in HeLa cells. Inset white boxes are shown magnified. F-actin is labeled with rhodamine phalloidin (red), and nuclei are stained with Hoechst (blue). Scale bars: 20 µm; 5 µm (inset). F-actin and MYO10 images have been uniformly inverted. (C) Using NanoSPD to test the interaction between A^BAIT^ and B^PREY^ proteins. A^BAIT^ is forcibly trafficked to filopodial tips by MYO10 as part of the EGFP-MYO10-A^BAIT^ fusion protein (green). In the presence of an interaction, RFP-B^PREY^ molecules (red) are actively cotransported along filopodia, resulting in concentration of bait and prey molecules at filopodial tips. (D) In the control, EGFP-MYO10^NO\ BAIT^ molecules (green) lacking a bait still accumulate at filopodial tips but no longer traffic RFP-B^PREY^ (red). Identical results are expected if RFP-B^PREY^ does not interact with EGFP-MYO10-A^BAIT^.](463fig1){#F1}

Next we investigated whether replacing the endogenous cargo-binding tail domain of MYO10 with a bait protein could similarly allow chimeric MYO10-bait molecules to traffic along filopodia in complex with interacting prey proteins ([Figure 1, C and D](#F1){ref-type="fig"}). For proof of principle, we tested the known interaction between the tail domain of MYO7A and the MYO7A-Rab interacting protein (MYRIP) ([@B17]; [@B21]). Because trafficking of wild-type MYO10 along filopodia occurs in the single-molecule regime ([@B35]), we used time-lapse total internal reflection fluorescence microscopy (TIRFM) to capture these events. Two classes of behavior were observed in HeLa cells expressing a chimeric EGFP-MYO10^HMM^ bait fused to the tail domain of MYO7A, referred to as MYO10-MYO7A(TAIL)^BAIT^, in addition to the prey mCherry-MYRIP, referred to as MYRIP^PREY^. First, enhanced green fluorescent protein (EGFP) and mCherry coaccumulated at filopodial tips ([Figure 2A](#F2){ref-type="fig"}). Second, we observed correlated bidirectional motility of EGFP and mCherry puncta along the filopodial shafts ([Figure 2B](#F2){ref-type="fig"}). Bright puncta moved retrogradely toward the cell body, while very dim puncta moved anterogradely toward the filopodial tip ([Figure 2B](#F2){ref-type="fig"}). These trafficking events were qualitatively similar to that reported for wild-type MYO10, where retrograde motility is linked to treadmilling of the underlying actin filaments, and anterograde motion results from active trafficking by the myosin motor ([@B34]; [@B35]).

![MYO10 can be harnessed to traffic bait--prey complexes in live cells. Visualization of bait and prey molecule trafficking in live HeLa cells by time-lapse TIRFM. Imaging was performed at 37°C. Fluorescence images have been uniformly inverted. (A) In HeLa cells expressing MYO10-MYO7A(TAIL)^BAIT^ (left) and MYRIP^PREY^ (right), both molecules accumulate at filopodial tips. A single frame from the time-lapse is shown. Filopodia selected for kymographs are indicated by red arrows. (B) Kymographs from A reveal molecular trafficking along filopodia. Bait and prey molecules accumulate at the filopodial tips, which are visible as a dark vertical line. Dim puncta of MYO10-MYO7A(TAIL)^BAIT^ and MYRIP^PREY^ move synchronously toward the filopodial tip (anterograde, arrowheads). Retrograde flow of bait and prey molecules (toward the cell body) is also observed. (C) MYO10^NO\ BAIT^ accumulates at filopodial tips but does not traffic MYRIP^PREY^ molecules. This control experiment demonstrates that trafficking of MYRIP^PREY^ is critically dependent on the MYO7A(TAIL) moiety being fused to the myosin motor. (D) Kymographs from C confirm that MYRIP^PREY^ molecules are not trafficked by MYO10^NO\ BAIT^. Anterograde (arrowheads) trafficking of MYO10^NO\ BAIT^ is observed. Filopodia 3 and 4 are indicated by arrows in C. Horizontal scale bars: 10 µm (A and C); 500 nm (B and D); vertical scale bars: 30 s (B and D), with the bottom of each kymograph representing 0 s.](463fig2){#F2}

As a control, we performed time-lapse imaging of HeLa cells expressing MYRIP^PREY^ and EGFP-MYO10, lacking the MYO7A-tail moiety (referred to as MYO10^NO\ BAIT^) ([Figure 2C](#F2){ref-type="fig"}). EGFP-positive MYO10^NO\ BAIT^ puncta moved bidirectionally along the shaft and strongly accumulated at filopodial tips. mCherry-positive MYRIP^PREY^ puncta no longer trafficked along the filopodial shaft or accumulated at the tips, showing that they could not bind to MYO10^NO\ BAIT^ or its associated light chains ([Figure 2D](#F2){ref-type="fig"}). We conclude that the MYO10-MYO7A(TAIL)^BAIT^ chimera specifically cotransported MYRIP^PREY^ and that PPIs can be inferred from correlated motility of bait--prey complexes along filopodia. We call this method nanoscale pulldown (NanoSPD), since bait--prey complexes are forced to traffic, or are pulled, along filopodia by the MYO10 molecular motor.

Quantification of NanoSPD to test binary protein--protein interactions
----------------------------------------------------------------------

To develop a simple readout for NanoSPD, we quantified the fluorescence intensity of bait--prey complexes at the filopodial tips. The continuous trafficking of bait--prey molecules by MYO10 actively concentrates them at this location, boosting fluorescence intensity and allowing NanoSPD assays to be captured by wide-field or confocal epifluorescence microscopy. NanoSPD was tested in HeLa cells using the MYO7A-MYRIP interaction as a proof of principle. HeLa cells expressing MYRIP^PREY^ and either MYO10-MYO7A^BAIT^ or MYO10^NO^ ^BAIT^ were fixed, and images were captured using confocal microscopy ([Figure 3A](#F3){ref-type="fig"}) rather than TIRFM ([Figure 2](#F2){ref-type="fig"}). MYRIP^PREY^ was robustly concentrated at the filopodial tips by MYO10-MYO7A^BAIT^ but not by MYO10^NO^ ^BAIT^ ([Figure 3A](#F3){ref-type="fig"}). Similar observations were made in Sf9 insect cells ([Figure 3D](#F3){ref-type="fig"}), demonstrating that NanoSPD is applicable to a range of cell lines. Sf9 insect cells were particularly notable for reproducibly generating large numbers of filopodia when transfected in suspension culture and then seeded onto glass coverslips.

![Quantifying PPIs by NanoSPD. NanoSPD concentrates bait--prey complexes into a nanoscopic volume at filopodial tips, providing noise-free fluorescence enhancement and a defined location for imaging away from the cell body. (A) In fixed HeLa cells expressing MYO10-MYO7A(TAIL)^BAIT^ and MYRIP^PREY^, both bait and prey coaccumulate at filopodial tips. MYO10^NO\ BAIT^ does not traffic MYRIP^PREY^ in the control, confirming the interaction and that MYRIP^PREY^ cannot traffic autonomously. Scale bars: 20 µm; 5 µm (magnified boxed regions). (B) Using SCA to detect molecular interactions. Pearson's *r* coefficient is calculated along the filopodial shaft (dotted line, A) to measure bait and prey fluorescence correlation. The likelihood that the observed correlation can occur by random chance is estimated by bootstrapping (see *Materials and Methods*). (C) SCA reveals a significantly higher interaction index (*t* test) when MYRIP^PREY^ is coexpressed with MYO10-MYO7A(TAIL)^BAIT^ (*n* = 292 filopodia total) than when MYRIP^PREY^ is coexpressed with MYO10^NO\ BAIT^ (*n* = 264 filopodia total). Each data point is the average interaction index from a single experiment (three independent determinations). Data are mean ± SD. (D) NanoSPD can be used in nonmammalian Sf9 insect cells that produce large numbers of filopodia. In fixed Sf9 cells, MYRIP^PREY^ accumulates with MYO10-MYO7A(TAIL)^BAIT^ at filopodial tips but not when coexpressed with MYO10^NO\ BAIT^. Scale bar: 10 µm. (E) Using ICA to detect PPIs in Sf9 cells. Scatter plot of bait (*x*-axis) and prey (*y*-axis) fluorescence at individual filopodia tips (from three independent determinations). MYRIP^PREY^ fluorescence is linearly correlated with MYO10-MYO7A(TAIL)^BAIT^ fluorescence, unlike cells expressing MYO10^NO\ BAIT^. (F) Bar graph of MYRIP^PREY^ fluorescence intensities from E. Coexpression with MYO10-MYO7A(TAIL)^BAIT^ significantly increases the average prey fluorescence intensity at filopodial tips, compared with MYO10^NO\ BAIT^ (Mann-Whitney *U*-test). Data are mean ± SD. \*\*\*\*, *p* \< 0.0001.](463fig3){#F3}

We developed a framework and software tool that uses Pearson's correlation coefficient (*r*) to quantify the spatial correlation of bait and prey fluorescence along individual filopodia ([Figure 3B](#F3){ref-type="fig"}). Detailed documentation of this algorithm and user instructions for the MATLAB tool are provided (*Materials and Methods*). The Pearson's *r*-based quantification algorithm was tested on line scans along filopodia of HeLa cells expressing MYRIP^PREY^ and either MYO10-MYO7A^BAIT^ or MYO10^NO^ ^BAIT^ ([Figure 3B](#F3){ref-type="fig"}). In cells expressing MYO10-MYO7A^BAIT^ and MYRIP^PREY^, 93.1 ± 2.4% of filopodia (292 filopodia sampled, three independent trials) had significantly correlated bait--prey fluorescence intensities ([Figure 3C](#F3){ref-type="fig"} and Supplemental Figure S1A). Conversely, in control HeLa cells expressing MYO10^NO\ BAIT^ and MYRIP^PREY^, only 9.9 ± 3.7% of filopodia (264 filopodia sampled, three independent trials) were significantly correlated. The ∼10-fold increase in interaction index (percentage of total filopodia with bait--prey correlation) was statistically significant (*p* \< 0.0001, two-tailed *t* test) and quantitatively confirmed the interaction between these proteins ([Figure 3C](#F3){ref-type="fig"}).

While the Pearson's *r-*based algorithm was sensitive to spatial correlations of bait--prey complexes in HeLa cells, it reported a higher level of false-positive correlations in Sf9 cells when used to evaluate control interactions such as MYO10^NO^ ^BAIT^ and MYRIP^PREY^ ([Figure 3D](#F3){ref-type="fig"}). The likely cause of this phenomenon was from cytoplasmic volume filling of the filopodial tips in Sf9 cells, which are bulbous. Because Pearson's *r* coefficient does not consider the magnitude of fluorescence changes, small increases in prey fluorescence due to volume filling can be detected as an artifactual correlation. To address this, we measured the absolute fluorescence intensities at filopodial tips of Sf9 cells. When examined over a large sample of independent filopodia, bait and prey fluorescence intensities are expected to be correlated in the presence of an interaction, and uncorrelated otherwise. A critical condition of this intensity-based analysis is that imaging conditions are standardized to ensure that data from independent experiments can be combined.

Line scan data from Sf9 cells testing the MYO7A--MYRIP interaction ([Figure 3D](#F3){ref-type="fig"}) were reanalyzed using the intensity-based correlation algorithm. Fluorescence intensities detected at filopodial tips were plotted on a *x--y* scatter plot, with bait as the independent (*x*) and prey as the dependent (*y*) variable ([Figure 3E](#F3){ref-type="fig"}). In both interaction (red, MYO10-MYO7A^BAIT^ + MYRIP^PREY^) and control (blue, MYO10^NOBAIT^ + MYRIP^PREY^) data sets, a broad range of bait intensities were observed ([Figure 3E](#F3){ref-type="fig"}). This was consistent with continuous MYO10 trafficking occurring independently in each filopodium, such that at the time of chemical fixation these "snapshot" data contain filopodia in different stages of extension and retraction. Critically, there was a linear correlation between bait and prey fluorescence intensity at the filopodial tips of cells expressing MYO10-MYO7A^BAIT^ and MYRIP^PREY^ (red) ([Figure 3E](#F3){ref-type="fig"}). By comparison, in control cells expressing MYO10^NO^ ^BAIT^ and MYRIP^PREY^, bait and prey fluorescence values were uncorrelated (blue) ([Figure 3E](#F3){ref-type="fig"}). The average fluorescence intensity of MYRIP^PREY^ at filopodial tips was increased by 11.8-fold in the presence of MYO10-MYO7A^BAIT^ compared with MYO10^NO^ ^BAIT^ ([Figure 3F](#F3){ref-type="fig"}) (*p* \< 0.0001, Mann-Whitney *U*-test), providing a separate measure of the interaction by NanoSPD.

We considered the possibility that the difference in MYRIP^PREY^ fluorescence at filopodial tips could be due to differences of trafficking efficiencies between MYO10-MYO7A^BAIT^ and MYO10^NO^ ^BAIT^. While there was a statistically significant difference between the mean fluorescence intensities of MYO10^NO^ ^BAIT^ versus MYO10-MYO7A^BAIT^, the effect size (1.2-fold) was minimal (Supplemental Figure S1B). The large increase in MYRIP^PREY^ fluorescence at filopodial tips was therefore due to the specific interaction with MYO10-MYO7A^BAIT^. We conclude that bait and prey fluorescence intensities at filopodial tips can be used as a sensitive measure of a PPI in NanoSPD.

NanoSPD can traffic multiple preys to dissect binding hierarchies in macromolecular complexes
---------------------------------------------------------------------------------------------

We investigated whether NanoSPD could traffic multiple prey species along a filopodium to probe larger macromolecular assemblies. The tripartite complex ([@B69]) between the C-terminal tail domain of myosin 5a (MYO5A), the Ras-related GTPase RAB27A, and melanophilin (MLPH) was tested by NanoSPD in Sf9 cells ([Figure 4A](#F4){ref-type="fig"}). RAB27A^PREY^ strongly accumulated at filopodial tips when expressed in Sf9 cells along with both MYO10-MYO5A(TAIL)^BAIT^ and a nonfluorescently tagged myc-MLPH ([Figure 4B](#F4){ref-type="fig"}, bottom panel). To test the requirement for MLPH in complex formation, we examined Sf9 cells expressing MYO10-MYO5A(TAIL)^BAIT^ and RAB27A^PREY^ alone ([Figure 4B](#F4){ref-type="fig"}, top panel). Qualitatively, we observed a reduction in the intensity of RAB27A^PREY^ accumulating at filopodial tips, although small quantities were still detected ([Figure 4B](#F4){ref-type="fig"}, top panel), suggesting the possibility of an endogenous adaptor. These data were analyzed using the intensity-based correlation algorithm. The average fluorescence intensity of MYO10-MYO5A(TAIL)^BAIT^ molecules at filopodial tips was independent of the presence or absence of myc-MLPH, indicating no systematic change in bait-molecule trafficking (Supplemental Figure S1C). Despite the equal trafficking of MYO10-MYO5A(TAIL)^BAIT^ molecules, there was a significant 6.5-fold increase in RAB27A^PREY^ fluorescence in the presence of myc-MLPH ([Figure 4C](#F4){ref-type="fig"}). We conclude that the association of RAB27A with MYO5A(TAIL) was critically dependent on the effector MLPH. Our data demonstrate that the MYO10-powered bait can efficiently traffic multiple, interacting prey molecules within filopodia, which can be exploited by NanoSPD to study the composition and hierarchy of larger macromolecules.

![Dissecting hierarchies in macromolecular complexes by NanoSPD. (A) Schematic of the tripartite melanosome receptor formed by MYO5A, MPLH, and RAB27A. Active RAB27A (blue) attaches to the melanosome membrane via geranylgeranyl moieties, binds its effector melanophilin (MLPH, yellow), and is recruited to the MYO5A tail domain (pink) to be trafficked along actin filaments by the motor domain (cyan). (B) NanoSPD in Sf9 cells demonstrates the requirement for MLPH in complex formation. RAB27A^PREY^ is not robustly trafficked by MYO10-MYO5A(TAIL)^BAIT^, despite the bait accumulating strongly at filopodial tips (top panel). Inclusion of myc-tagged MLPH (dark) results in coaccumulation of both MYO10-MYO5A(TAIL)^BAIT^ and RAB27A^PREY^ at filopodial tips, demonstrating MLPH is required for complex formation (bottom panel). Scale bars: 10 µm. (C) ICA of RAB27A^PREY^ fluorescence at filopodial tips from B. RAB27A^PREY^ tip fluorescence is significantly increased upon coexpression of Myc-MLPH (Mann-Whitney *U*-test), confirming the interaction (data points are individual filopodia from three independent determinations). Data are mean ± SD. \*\*\*\*, *p* \< 0.0001.](463fig4){#F4}

Using NanoSPD to validate Y2H screens
-------------------------------------

Dissecting mechanisms of disease requires identifying molecular components and understanding how they function within the broader context of cellular biology. As an example, genetic studies of human hereditary hearing loss, in conjunction with proteomic analyses, have identified proteins involved in the detection of sound ([@B54]; [@B1]). Many of these proteins assemble into macromolecular complexes within hair cell stereocilia, mechanosensory organelles that are the primary transducers of sound ([@B60]). We previously reported that taperin (TPRN) concentrates within stereocilia and is mutated in autosomal recessive human deafness, DFNB79 ([@B39]; [@B53]); however, its molecular function remains unknown. To discover binding proteins, we screened Y2H libraries using full-length TPRN as bait (Supplemental Table S2). Because Y2H screens can have a high false-positive rate, we validated these interacting proteins by NanoSPD.

Y2H assays identified the alpha (PPP1CA) and gamma (PPP1CC) catalytic subunits of protein phosphatase 1 (PP1) as potential interacting proteins. PP1 is a widely expressed serine/threonine phosphatase and regulates a variety of cellular functions, including glycogen metabolism, transcription, protein synthesis, cell division, and apoptosis ([@B52]). We validated the interaction of the catalytic subunit of PP1 and TPRN by NanoSPD in Sf9 cells expressing MYO10-TPRN^BAIT^ and either PPP1CA^PREY^ (alpha), PPP1CB^PREY^ (beta), or PPP1CC^PREY^ (gamma) subunits ([Figure 5, A and B](#F5){ref-type="fig"}, and Supplemental Figure S2, B and C). Intensity correlation analysis (ICA) revealed that the mean fluorescence intensities of PPP1CA^PREY^, PPP1CB^PREY^, and PPP1CC^PREY^ at filopodial tips were significantly increased by 5.2-, 1.3-, and 5.7-fold, respectively, when expressed with MYO10-TPRN^BAIT^ versus MYO10^NO^ ^BAIT^ ([Figure 5C](#F5){ref-type="fig"}). Although statistically significant, the fluorescence increase (i.e., the effect size) of PPP1CB was minimal (1.3-fold) and indicated a preference of TPRN to bind PPP1CA (alpha) and PPP1CC (gamma) subunits. These observations confirm the binding of PPP1CA and PPP1CC detected by Y2H (Supplemental Table S2) and AP ([@B19]). We conclude that NanoSPD can successfully detect variations in binding between members of a conserved protein family.

![Using NanoSPD to study TPRN binding to PP1 and CLIC proteins. (A) Molecules used to test PPIs between TPRN and catalytic subunits of protein phosphatase 1 (PPP1CA, PPP1CB, PPP1CC) by NanoSPD. Point mutations in TPRN (KISF → KASA) that disrupt the PP1 binding motif are indicated. (B) MYO10-TPRN^BAIT^ traffics PPP1CA^PREY^ to filopodial tips in Sf9 cells (right panel). MYO10^NO\ BAIT^ is unable to traffic PPP1CA^PREY^ (left panel), confirming the PPI. (C) ICA reveals selective binding of TPRN to PP1 catalytic subunits alpha (PPP1CA^PREY^) and gamma (PPP1CC^PREY^) in Sf9 cells expressing MYO10-TPRN^BAIT^ vs. MYO10^NO\ BAIT^ (PPP1CA, ANOVA; PPP1CB/PPP1CC, Mann-Whitney *U*-test). Mutating the residues (KISF → KASA) within TPRN significantly reduces the fluorescence intensity of PPP1CA^PREY^ at filopodial tips. Data are mean ± SD, quantified from B and Supplemental Figure S2 (three independent determinations). (D) NanoSPD molecules to test the interaction of TPRN with CLIC family proteins. (E) CLIC4^PREY^ is trafficked to filopodial tips (magnified inset) by MYO10-TPRN^BAIT^ (right panel) in mammalian COS-7 cells but not by MYO10^NO\ BAIT^ (left panel). (F) Quantification of the TPRN binding to CLIC4/5 by SCA. The interaction index for CLIC4 and CLIC5 was significantly (*t* test) increased when MYO10-TPRN^BAIT^ was expressed compared with MYO10^NO\ BAIT^. Each data point is the average interaction index from one determination (*n* = 267--516 filopodia total, more than three independent determinations). Scale bars: 10 µm (B); 20 µm (E); 5 µm (E, inset). Data are mean ± SD. \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001; \*\*\*\*, *p* \< 0.0001.](463fig5){#F5}

NanoSPD can study effects of point mutations in conserved binding motifs
------------------------------------------------------------------------

TPRN contains a consensus KISF motif (residues 624--627) that binds to a hydrophobic patch within the catalytic domain of PP1 isozymes to inhibit phosphatase activity ([@B19]). Mutation of critical residues in this KISF motif to alanine (KISF to KASA) abolishes TPRN binding to PPP1CA when measured by conventional APs ([@B19]). We examined whether NanoSPD was sensitive enough to detect a change in binding caused by targeted point mutations. Intensity-based analysis in Sf9 cells showed a statistically significant 3.3-fold reduction in PPP1CA^PREY^ accumulation at filopodial tips when coexpressed with MYO10-TPRN(KASA)^BAIT^ versus wild-type MYO10-TPRN^BAIT^ ([Figure 5C](#F5){ref-type="fig"} and Supplemental Figure S2A). Although MYO10-TPRN(KASA)^BAIT^ significantly reduced the accumulation of PPP1CA^PREY^, we still detected a small 1.6-fold increase in PPP1CA^PREY^ accumulation in Sf9 cells expressing MYO10-TPRN(KASA)^BAIT^ versus MYO10^NO^ ^BAIT^. These data suggest that the KASA mutation did not completely inhibit the interaction, and there was residual binding to TPRN. We conclude that NanoSPD can detect the functional effect of critical amino acid substitutions in a conserved binding motif.

Testing membrane-associated PPIs with NanoSPD
---------------------------------------------

The Y2H screen identified chloride intracellular channels 1, 4, and 5 (CLIC1, CLIC4, CLIC5) as potential TPRN interacting proteins. The CLIC protein family members exist as both soluble and integral membrane proteins and may act as chloride channels ([@B7]; [@B64]), while their function as globular soluble proteins is not well understood ([@B41]). CLIC4 and CLIC5 are both highly expressed in inner ear hair cells and are detected in the stereocilia bundle proteome ([@B62]). Furthermore, CLIC5 protein is localized at the base of hair cell stereocilia, in a distribution similar to TPRN ([@B22]; [@B53]). Consistent with our Y2H data, CLIC5 was reported to bind TPRN by conventional IP ([@B58]); however, complex formation was critically dependent on chemical cross-linking, suggesting that the interaction was low affinity and could dissociate from the affinity matrix.

We independently tested the binding of CLIC5 to TPRN using NanoSPD. COS-7 cells were transfected with CLIC5^PREY^ along with either MYO10-TPRN^BAIT^ or MYO10^NO\ BAIT^ ([Figure 5D](#F5){ref-type="fig"} and Supplemental Figure S3) and analyzed using the Pearson's *r*-based correlation algorithm. In cells expressing MYO10-TPRN^BAIT^, 96.4 ± 2.0% of filopodial tips exhibited significant correlation with CLIC5^PREY^, but this was significantly reduced to 33.9 ± 13.1% when coexpressed with MYO10^NO^ ^BAIT^ ([Figure 5F](#F5){ref-type="fig"}). The interaction between CLIC4^PREY^ and MYO10-TPRN^BAIT^ was confirmed using a similar experimental setup ([Figure 5, D--F](#F5){ref-type="fig"}). Our data demonstrate that NanoSPD can successfully test binding with membrane-associated proteins, in addition to potentially revealing low-affinity interactions in live cells that might otherwise escape detection in a conventional IP.

Using NanoSPD to study interactions with nuclear proteins
---------------------------------------------------------

Chromodomain helicase DNA-binding protein 4 (CHD4) was the most abundant interaction with TPRN identified by Y2H. CHD4 is a catalytic subunit of the nucleosome-remodeling and histone deacetylase complex that regulates nuclear DNA damage responses ([@B37]; [@B51]). CHD4 belongs to a superfamily of nine CHD enzymes that contain tandem N-terminal chromodomains ([chr]{.ul}omatin [o]{.ul}rganization [mo]{.ul}difier) and a central SNF2-like ATPase domain encompassing a DEAD-box--like helicase superfamily (DEXDc) domain ([@B16]; [@B26]). We used NanoSPD in Sf9 cells to test the putative interaction between CHD4 and TPRN ([Figure 6A](#F6){ref-type="fig"}). A CHD4 fragment (aa 561--936) identified in our Y2H screen was used to eliminate all but one of the predicted nuclear localization signals (NLS) to prevent potential accumulation of CHD4 in the nucleus. The fluorescence intensity of CHD4(561-936)^PREY^ at filopodial tips was sevenfold stronger in the presence of MYO10-TPRN^BAIT^ versus MYO10^NO^ ^BAIT^, quantitatively confirming an interaction ([Figure 6B](#F6){ref-type="fig"}). The CHD4(561-936)^PREY^ fragment contains the second chromodomain and the DEXDc domain. We further truncated this CHD4 fragment and found the DEXDc domain alone, CHD4(DEXDc)^PREY^, was sufficient to bind MYO10-TPRN^BAIT^ and be transported to filopodial tips ([Figure 6C](#F6){ref-type="fig"}). A reciprocal experiment was performed to domain map the region within TPRN that binds the DEXDc domain of CHD4. NanoSPD using CHD4(DEXDc)^PREY^ and a series of truncated MYO10-TPRN^BAIT^ molecules encompassing residues 1--260, 261--622, or 623--749 showed that the CHD4 DEXDc domain specifically interacted with the N-terminal 260 residues of TPRN ([Figure 6C](#F6){ref-type="fig"}).

![TPRN interacts with chromodomain (CHD) family proteins in mechanosensory hair cells. (A) NanoSPD molecules to test the interaction between TPRN and CHD4, containing a DEAD-like helicase domain (DEXDc) and chromodomain (Chd). Truncation points for domain-mapping experiments are shown. (B) ICA in Sf9 cells shows that CHD4(561-936)^PREY^ interacts at filopodial tips when expressed with MYO10-TPRN^BAIT^ (Mann-Whitney *U*-test). Data are mean ± SD. (C) Domain mapping of the CHD4-TPRN interaction by NanoSPD. ICA in Sf9 cells shows the truncated CHD4(DEXDc)^PREY^ containing the DEXDc domain (aa 715--906) by itself bound TPRN. Reciprocal truncations demonstrate that the N-terminal 260 amino acids of TPRN were sufficient to bind and traffic CHD4(DEXDc)^PREY^. Other truncated regions of TPRN (aa 261--622 + aa 623--749) did not bind CHD4(DEXDc)^PREY^ (ANOVA with Tukey's post hoc test). Data are mean ± SD from three independent determinations. (D) ICA in Sf9 cells shows binding of TPRN to the DEXDc domains of CHD3 and CHD7 but not to CHD1 or CHD2 (Mann-Whitney *U*-test). Data are mean ± SD, from three independent determinations. (E) Antibody labeling of CHD7 in P1 cochleae from wild-type and conditionally null *Chd7* mutant mice. CHD7 labeling was absent from hair cell nuclei of conditionally null mice (white stars). OHCs, outer hair cell; IHCs, inner hair cells. Scale bars: 10 µm. (F) mCherry-TPRN (red) and EGFP-CHD7 (green) colocalize to the nucleus when overexpressed in HeLa cells. Actin filaments are labeled with Alexa Fluor 633 phalloidin (magenta), and the nucleus is labeled with Hoechst (blue). Scale bar: 25 µm. \*\*, *p* \< 0.01; \*\*\*\*, *p* \< 0.0001.](463fig6){#F6}

We investigated whether TPRN might be able to bind other CHD proteins, since the DEXDc domain is broadly conserved across superfamily members. Separate NanoSPD assays were performed in Sf9 cells using CHD1(DEXDc)^PREY^, CHD2(DEXDc)^PREY^, CHD3(DEXDc)^PREY^, or CHD7(DEXDc)^PREY^ in combination with either MYO10-TPRN^BAIT^ or MYO10^NO^ ^BAIT^ as a control. Intensity correlation analyses at filopodial tips revealed that TPRN bound to the DEXDc domains of CHD3 and CHD7, but not CHD1 and CHD2 ([Figure 6D](#F6){ref-type="fig"}). We conclude that TPRN can interact with multiple CHD proteins via the DEXDc domain but exhibits selectivity toward specific CHD submembers. More broadly, our results indicate that NanoSPD can be used to study nuclear proteins and to perform domain-mapping experiments to understand structure--function relationships.

CHD7 is expressed in neuroepithelial cells of the developing cochlea at embryonic day 10.5, before hair cells have differentiated ([@B29], [@B30]). We investigated the localization of CHD7 by immunofluorescence in postnatal day 1 (P1) mouse cochlea. CHD7 was prominently detected in the nucleus of mechanosensory hair cells at P1 ([Figure 6E](#F6){ref-type="fig"}) but absent from nuclei of conditional *Chd7*-null cochleae ([Figure 6E](#F6){ref-type="fig"}). These data confirm that CHD7 is present in hair cell nuclei and provide a potential new perspective into how mutations in *CHD7* cause human CHARGE syndrome (OMIM: \#214800, [www.omim.org](www.omim.org)), a pleiotropic developmental disorder that includes deafness among multiple other pathological phenotypes ([@B45]). We hypothesized that TPRN and CHD7 may be components of a macromolecular complex critical for hearing. Consistent with this, mCherry-TPRN and EGFP-CHD7 colocalized in the nucleus of HeLa cells, indicating these proteins may act together to regulate gene transcription ([Figure 6F](#F6){ref-type="fig"}). Given that CHD7 can bind to enhancer-like elements and acts as a transcriptional cofactor ([@B59]; [@B18]; [@B67]), our data suggest that TPRN may similarly influence transcription in sensory hair cells.

Using the GFP-nanotrap to perform cloning-free NanoSPD 2.0 assays
-----------------------------------------------------------------

Common to all NanoSPD assays is the forced trafficking of molecular complexes along filopodia by the covalent fusion of MYO10^HMM^ with a bait molecule. Having validated NanoSPD with a range of PPIs, we further streamlined the assay to eliminate initial cloning of the MYO10^BAIT^ fusion construct. We hypothesized that GFP could be used as an affinity tag to noncovalently bind bait proteins to MYO10^HMM^ via the GFP-nanotrap, a 13 kDa single-chain antibody fragment engineered to specifically bind EGFP, but not DsRed, mRFP (monomeric red fluorescent protein), or mCherry variants ([@B56]). This concept was explored using the MYO7A/MYRIP PPI as a positive control. A fusion between MYO10^HMM^ and the GFP-nanotrap (MYO10^NANOTRAP^; see *Materials and Methods*) was expressed in HeLa cells along with EGFP-MYO7A(TAIL)^BAIT^ and mCherry-MYRIP^PREY^. Robust accumulation of both EGFP and mCherry fluorescence was observed at the filopodial tips of these cells, suggesting that MYO10^NANOTRAP^ trafficked the complex by noncovalently binding to the EGFP affinity tag ([Figure 7A](#F7){ref-type="fig"}). As a control, we repeated the identical experiment but substituted EGFP-MYO7A(TAIL)^BAIT^ with EGFP lacking a bait fusion (EGFP^NO\ BAIT^). In these cells, EGFP^NO\ BAIT^ was robustly trafficked to filopodial tips, while mCherry-MYRIP^PREY^ remained in the cytoplasm ([Figure 7B](#F7){ref-type="fig"}), demonstrating that the GFP-nanotrap does not bind to mCherry-MYRIP^PREY^ directly and that trafficking of mCherry-MYRIP^PREY^ required a specific interaction with EGFP-MYO7A(TAIL)^BAIT^. Rigorous quantification of these data by spatial correlation analysis (SCA; [Figure 7C](#F7){ref-type="fig"}) and ICA ([Figure 7, D and E](#F7){ref-type="fig"}) confirmed these qualitative observations. Our results demonstrate that NanoSPD 2.0 assays can be performed using the MYO10^NANOTRAP^ coexpressed with candidate GFP-tagged and mCherry/RFP-tagged proteins. Given the widespread availability of fluorescently tagged expression constructs ([@B33]), this strategy eliminates the necessity for cloning and accelerates assay iteration in NanoSPD 2.0.

![Simplified NanoSPD 2.0 assays using the GFP-nanotrap. NanoSPD 2.0 uses MYO10^HMM^ fused to the GFP-binding nanotrap (MYO10^NANOTRAP^) to capture EGFP-tagged bait proteins and transport them along filopodia. (A) Image of fixed HeLa cells expressing nonfluorescent MYO10^NANOTRAP^, EGFP-MYO7A(TAIL)^BAIT^, and mCherry-MYRIP^PREY^. Both bait and prey robustly accumulate at filopodial tips (magnified panels shown below). (B) mCherry-MYRIP^PREY^ does not accumulate at filopodial tips (magnified panels shown below) when coexpressed with mCherry-MYO10^NANOTRAP^ and EGFP (EGFP^NO\ BAIT^). This confirms that the GFP-nanotrap does not bind mCherry-MYRIP^PREY^ directly. Scale bars: 25 μm; 5 μm (magnified regions). (C) SCA of data from A and B shows a significantly higher interaction index (*t* test) in the presence of EGFP-MYO7A(TAIL)^BAIT^ vs. EGFP^NO\ BAIT^. Data are mean ± SD with each data point representing the average interaction index from a single experiment. (D) ICA of data from A and B reveals the significant increase (Mann-Whitney *U*-test) of mCherry-MYRIP^PREY^ fluorescence at filopodial tips in the presence of EGFP-MYO7A(TAIL)^BAIT^ vs. EGFP^NO\ BAIT^. Data are mean ± SD with each data point representing a single filopodium. (E) Bait (*x*-axis) vs. prey (*y*-axis) scatter plot of fluorescence at filopodial tips from D. Each data point represents a single filopodium. \*\*\*\*, *p* \< 0.0001; all data are from three independent experimental determinations (*n* = 285--295 filopodia total).](463fig7){#F7}

DISCUSSION
==========

NanoSPD uses quantitative fluorescence microscopy to study PPIs within live cells, and complements conventional AP techniques with several distinct advantages. PPIs are assayed within the native cytoplasm, rather than in artificial buffers outside of the cell. NanoSPD does not require protein purification or specific antibodies to capture macromolecular complexes and can assay full-length proteins in addition to protein fragments. In contrast to conventional AP that favors the detection of stable PPIs, macromolecular complexes are rapidly trafficked to filopodial tips in NanoSPD, potentially capturing low-affinity, transient interactions. Finally, each cell projects multiple filopodia, making NanoSPD inherently parallelized for robust quantification and statistical determination of a PPI. Because filopodial production can be strongly stimulated by expressing wild-type MYO10 ([@B5]), we expect that NanoSPD will be broadly applicable to a range of transfected primary and immortalized cell lines.

NanoSPD uses the continuous delivery of MYO10 to create a "traffic jam" of bait--prey complexes at filopodial tips, providing fluorescence amplification and boosting assay sensitivity. Active concentration of bait--prey complexes separates NanoSPD from other colocalization approaches in which freely diffusing prey are passively captured onto a subcellular bait scaffold ([@B2]; [@B70]; [@B23]; [@B28]). Microtubule-based dynein motors have been exploited to detect vesicle-specific PPIs by redirecting traffic of vesicles and associated proteins to the microtubule organizing center (MTOC) ([@B3]; [@B4]). Vesicles are concentrated into a highly variable, poorly defined volume around the MTOC, and a quantification method has not been proposed. In contrast, MYO10 drives accumulation into diffraction-limited volumes that are reproducibly well defined beyond the cell periphery, circumventing fluorescence background from the bulk cytoplasm.

Our analysis pipeline uses these unique features to objectively quantify NanoSPD data sets. Interactions are inferred from bait and prey fluorescence correlation either 1) along the filopodial shaft (SCA), or 2) at filopodial tips (ICA). In both analysis strategies, interactions are inferred by comparing the query data set (using MYO10^BAIT^) with a matched control (using MYO10^NO\ BAIT^). The two analysis techniques have distinct advantages. SCA uses Pearson's *r* coefficient to detect correlated changes in bait and prey fluorescence along the filopodial shaft that exceed a bootstrap-derived threshold. An advantage of this approach is that microscope imaging parameters can be freely optimized between experiments, since Pearson's *r* measures only relative fluorescence changes from the mean. The disadvantage is that SCA does not quantify the amount of prey transported to filopodial tips. This can result in weak prey accumulations, either from cytoplasmic volume filling or endogenous localization to the filopodial tip, being correlated and detected as false positives. Though uncommon, we observed this phenomenon in the bulbous filopodial tips of Sf9 insect cells and also when assaying CLIC4/5 in COS-7 cells ([Figure 5E](#F5){ref-type="fig"}). As an alternative approach, ICA measures the absolute fluorescence intensity at the filopodial tips and requires that all data be captured with identical imaging parameters. ICA does not use a threshold to detect an interaction, and thus small amounts of prey accumulating in control assays do not cause false positives. A specific advantage of ICA is that it provides a continuous measure of pulldown efficiency, that is, the ratio of bait and prey delivered to the filopodial tips. Whether this ratio might be sensitive to the equilibrium dissociation constant (*K*~D~) of a PPI remains to be determined. Irrespective of the algorithm used, both analyses initially require manual tracing of filopodia in ImageJ. Automatic software-based segmentation and skeletonizing of filopodia will significantly streamline this process ([@B48]; [@B66]).

The sensitivity of NanoSPD to detect low-affinity interactions was not explored in this study. Live-cell TIRF experiments showed that bait--prey complexes were transported along filopodia in ∼30 s ([Figure 2](#F2){ref-type="fig"}), consistent with previous reports of MYO10 intrafilopodial motility ([@B35]). For PPIs with slow off rates (*k*~off~), this argues that a prey molecule will remain associated with a single MYO10^BAIT^ for the duration of transport. Conversely, a prey with a fast *k*~off~ rate will likely disassociate during transport. In this latter case, we hypothesize that the prey molecule will still be transported by binding to successive MYO10^BAIT^ molecules as they move anterogradely toward the filopodial tip. For this reason, we suspect that NanoSPD will be able to detect low-affinity interactions, although this has yet to be experimentally tested. Future studies will use NanoSPD to examine a series of PPIs with known affinities. These experiments will also help define the relationship (if any) between ICA pulldown efficiency and *K*~D~.

We used NanoSPD to validate a Y2H screen of TPRN-binding proteins to investigate molecular mechanisms of human hearing loss caused by mutations in *TPRN*. NanoSPD detected PPIs involving molecular motors ([Figures 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}), phosphatases ([Figure 5](#F5){ref-type="fig"}), and membrane-associated ([Figure 5](#F5){ref-type="fig"}) and nuclear ([Figure 6](#F6){ref-type="fig"}) proteins, and was used in combination with domain mapping and mutagenesis. We have yet to encounter a PPI incompatible with NanoSPD, although endogenous localization of a prey protein to either the filopodial tip complex or nucleus can initially impede the assay. Truncating or mutating predicted NLS was effective for studying the CHD protein superfamily and allowed these preys to be transported along filopodia ([Figure 6](#F6){ref-type="fig"}). Another strategy for endogenously localized nuclear and filopodial proteins is to present them as bait. The study of proteins that inhibit MYO10-based motility or filopodial production are likely not compatible with NanoSPD. These examples are expected to be rare.

Performing NanoSPD assays within the cytosol has distinct advantages; however, it is not a replacement for conventional AP. The intentional variation of buffer conditions and protein concentrations is a powerful approach to estimating equilibrium constants and binding characteristics by AP ([@B50]; [@B25]). Furthermore, like all intracellular-based assays, NanoSPD cannot infer direct binding between bait and prey, since native proteins can be recruited from the cytosol. In its current form, NanoSPD cannot easily identify these intermediate adaptors. If filopodia could be selectively isolated and enriched, NanoSPD might be a viable platform to couple with mass spectroscopy. Another approach could be to fuse MYO10^BAIT^ with a promiscuous biotin ligase ([@B57]) and use a brief pulse of biotin before affinity capture of complexes that were tagged at the filopodial tips.

The NanoSPD platform is broadly extensible. We demonstrate that binding hierarchies can be interrogated within a tripartite complex ([Figure 4](#F4){ref-type="fig"}) and speculate that this analysis could be extended further by multiplexing additional fluorescent proteins. Unlabeled proteins can also be introduced to examine their effect upon complex formation ([Figure 4](#F4){ref-type="fig"}). As NanoSPD is based on quantitative fluorescence, it can potentially be used with any fluorescently labeled molecule or in combination with immunocytochemistry to detect endogenously recruited molecules. An exciting possibility is studying the formation of protein--RNA hybrids using fluorescently labeled nucleic acids ([@B8]; [@B49]; [@B47]). Finally, NanoSPD is potentially scalable to perform intracellular pulldowns on a massively parallel scale. An immediate application we envisage is high-throughput screening, wherein cells expressing a validated NanoSPD assay are incubated with a small-molecule library to detect compounds that modulate the interaction. Microscopy-based high-throughput NanoSPD assays are an important area of future development and could help accelerate the discovery of small molecules that bind to clinically important drug targets.

MATERIALS AND METHODS
=====================

Expression constructs
---------------------

PCR amplification and cloning were performed using standard methods. All expression constructs were verified by Sanger sequencing. Site-directed mutagenesis was performed using the QuikChange II SDM Kit (Agilent). Plasmid DNA for transfection was prepared using endotoxin-free purification kits (NucleoBond EF; Clontech). The MYO10 heavy meromyosin (HMM) construct generated for NanoSPD encompasses the ATPase motor, light-chain binding sites, and a coiled-coil region (residues 1--941; NP_062345) and is not a forced dimer (i.e., MYO10^HMM^ was not fused to a leucine zipper or a similar dimerization motif). All expressed molecules are tagged with spectrally orthogonal fluorescent proteins and are not explicitly stated in the main text (see figure captions and Supplemental Table S1). EGFP/mCherry-tagged MYO10^HMM^ and MYO10^NANOBODY^ cloning vectors have been deposited at [www.addgene.org](http://www.addgene.org).

Animals
-------

All experimental animal procedures were performed in accordance with National Institutes of Health (NIH) guidelines and approved by the respective Institutional Animal Care and Use Committees at the National Institute on Deafness and Other Communication Disorders (NIDCD \#1263) and the University of Michigan (PRO00006244). C57BL6/J mice were obtained from the Jackson Laboratories (Bar Harbor, ME). Conditional null *Chd7* mice were generated by intercrossing mice carrying the conditional floxed *Chd7^LoxP^* allele ([@B30]), a gene-trapped null *Chd7^GT^* allele ([@B29]) and the *FoxG1^Cre^* allele ([@B27]) to yield *Chd7^GT/LoxP^:FoxG1^+/Cre^* pups. The *ROSA26^LoxP-STOP-LoxP-ZsGreen1A^* allele was also included on this mutant background ([@B43]).

Y2H screening
-------------

Screening of mouse inner ear and kidney prey libraries ([@B9]) was performed by Hybrigenics Services SAS (Paris, France) using a N-terminal LexA fusion with full-length mouse TPRN (aa 1--749; NP_780495) as bait.

Cell culture and transfection
-----------------------------

COS-7 (American Type Culture Collection \[ATCC\] CRL-1651) and HeLa (ATCC CCL-2) cells were cultured in DMEM supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (FBS; Atlanta Biologicals) and GlutaMAX (Thermo Fisher Scientific) and incubated at 37°C, 10% CO~2~. HeLa cell transfections were performed with Lipofectamine 3000 (Thermo Fisher Scientific), and COS-7 transfections were performed using the Neon transfection system (Thermo Fisher Scientific) following the manufacturer's protocol. Transfected cells were incubated for 12--24 h before being seeded on fibronectin-coated (10 μg/ml; Sigma) glass-bottom culture dishes (\#1.5, MatTek). Cells were incubated for another 6--24 h before fixation with 4% paraformaldehyde (PFA) for 15 min. For live-cell imaging, transfected cells were incubated for 1--3 h after seeding and then exchanged into FluoroBrite DMEM (Thermo Fisher Scientific) supplemented with GlutaMAX.

Sf9 (*Spodoptera frugiperda*) cells (Thermo Fisher Scientific) were cultured in HyClone SFX media (GE Healthcare) supplemented with GlutaMAX and heat-inactivated 2.5% (vol/vol) FBS (Atlanta Biologicals) and maintained at 27°C in a shaking incubator. For transfection, DNA was diluted into phosphate-buffered saline (PBS) at a 1:12 ratio (wt/wt) with polyethylenimine (1 mg/ml; PEI Max, \#24765; Polysciences) and incubated for 15 min at room temperature before the complexed DNA was added to cells in suspension culture. At 48 h posttransfection, cells were seeded onto glass-bottom dishes (\#1.5; MatTek Corporation) for 1--3 h at 27°C before fixation with 4% PFA for 15 min. Mammalian and insect cells were colabeled with either ATTO 390--conjugated phalloidin (Sigma) or Alexa Fluor--conjugated phalloidin to visualize the filamentous actin cytoskeleton and 4',6-diamidino-2-phenylindole/Hoechst 33342 (Thermo Fisher Scientific) to stain the nucleus.

Cochlear immunocytochemistry
----------------------------

Mice were killed and temporal bones fixed for 2 h in 4% PFA. Microdissected samples were permeabilized for 30 min in 0.5% Triton X-100 and blocked for 1 h with 2% bovine serum albumin (Roche) and 5% normal goat serum (Sigma) diluted in PBS. Samples were incubated overnight in blocking solution plus a primary antibody recognizing CHD7 (\#6505; Cell Signaling Technology). After washing in PBS, primary antibodies were detected using Alexa Fluor--conjugated secondary antibodies (Thermo Fisher Scientific). Samples were colabeled with Alexa Fluor 633 to visualize the actin cytoskeleton, in addition to the nuclear stain Hoechst 33342, before being mounted in Prolong Gold Antifade Reagent (Thermo Fisher Scientific).

Fluorescence microscopy
-----------------------

For live-cell imaging, an inverted microscope (Axiovert 200M; Zeiss) was used to perform objective-based TIRFM with a laser-based illuminator (TIRF3; Zeiss) and a 100×, 1.46 N.A. oil objective (alpha Plan-Apochromat; Zeiss). EGFP and mCherry fluorescence was sequentially excited through a laser clean-up filter (ZET488/561x; Chroma) and a 2 mm dichroic mirror (ZT488/561rpc; Chroma) with 488- and 561-nm laser lines, respectively. Epifluorescence was collected through a laser-blocking filter (ZET488/561m-TRF; Chroma) and a dual-camera adaptor (Zeiss). Split channels were emission filtered for EGFP (ET525/50m; Chroma) and mCherry (ET610/75m), respectively, and captured on individual EM-CCD cameras (Evolve 512; Photometrics) controlled by Zen software (Zeiss). Dual-camera EGFP and mCherry data were reregistered with MATLAB (MathWorks) using fluorescent beads as fiducial markers (Tetraspeck; Thermo Fisher Scientific). Cells were maintained at 37°C in a humidified 10% CO~2~ environment during all live-cell image acquisitions. Images were captured at 1--2 frames per second.

Fixed cells were imaged using a 63×, 1.4 N.A. oil objective (Plan-Apochromat; Zeiss) and an Axiovert 200M inverted microscope with a confocal scan head (LSM780, Zeiss) controlled by Zen software (Zeiss). Bait and prey signals were captured sequentially to eliminate spectral bleed-through. The LSM780 GaAsP spectral detector was set to capture 500--530 nm for EGFP and 570--620 nm for mCherry/tdTomato.

Analysis of fluorescence colocalization in filopodia
----------------------------------------------------

Image analysis was performed on confocal images of fixed cells to quantify bait and prey fluorescence at filopodial tips. Line scans along individual filopodia were prepared in ImageJ (<http://rsbweb.nih.gov/ij/>) using the bait and/or phalloidin (F-actin) fluorescence signal as a guide. In principle, other markers of filopodia can be used in place of phalloidin, including membrane dyes and phase-contrast techniques. Prey fluorescence was kept hidden during line tracing to avoid selection bias. Filopodia suitable for analysis projected \> 2 µm away from the cell body to allow for comparisons between the filopodial tip and shaft. A maximum of 10 filopodia were sampled per cell to avoid any single cell from dominating the overall data set. For each interaction, we typically examined \>150 filopodia pooled from three independent experiments. Bait and prey fluorescence line scan values were exported from ImageJ into a tab-delimited text file, and all further data analyses were performed in a custom MATLAB tool with graphical user interface. Compiled binary distributions, source code, and a detailed guide to using this software tool is provided in the Supplemental Material and are available at <https://github.com/NanoSPD/NanoSPD>.

Within the MATLAB tool, the global maximum of the MYO10^BAIT^ signal was used to determine the position of the filopodial tip. This approximation was valid given the robust accumulation of MYO10 at filopodial tips, even when fused to different bait domains. Line scan data were then screened for basic quality criteria. Filopodia were excluded if the peak bait fluorescence at the tip did not exceed the average bait fluorescence along the shaft by more than 3 SDs. Filopodia were also excluded if the full-width half-maximum of the tip bait fluorescence was too broad, as this indicated the bait was not sufficiently concentrated at the tip. Filopodia line scans passing these quality criteria were analyzed further by one of two algorithms.

Spatial correlation analysis
----------------------------

In the presence of an interaction, we assume the distribution of prey within filopodia is dependent on the MYO10^BAIT^ molecule. Pearson's coefficient (*r*) was used to quantify the correlation between bait and prey fluorescence from line scans along individual filopodia, with the expectation these values are correlated in the presence of an interaction (i.e., *r* = +1), and uncorrelated otherwise (i.e., *r* = 0). In intermediate cases, where 0 \> *r* \< +1, we avoided using an arbitrary threshold to assign significance, since partial correlations may still indicate a significant biological interaction. Instead, we estimated the likelihood that each observed correlation could occur by random chance. This was performed for each filopodium using bootstrapping to randomize the prey signal and calculate the exact distribution of *r* values for all possible permutations ([@B40]; [@B14]). This approach tested the null hypothesis that a given bait--prey correlation in an individual filopodium occurred randomly. A refinement to this methodology is to perform the randomization in blocks that approximate the point-spread function of the microscope. This preserves inherent correlation that is present in adjacent pixels ([@B14]). This exact probability distribution was then used to calculate the likelihood (*p* value) that any observed correlation occurred by chance. A filopodium was scored as a positive bait--prey interaction if 1) the calculated *p* value \< 0.01, and 2) the prey intensity at the filopodial tip exceeded the filopodial shaft signal by 3 SDs. For each experimental determination, an interaction index is calculated as the ratio of positively interacting filopodia to the total number of filopodia assayed. SCA uses relative fluorescence changes so that microscope imaging parameters can vary between independent determinations.

Intensity correlation analysis
------------------------------

In this alternate algorithm, which is strongly recommended for Sf9 cells, we test for the presence of a global correlation between bait and prey fluorescence intensities at filopodial tips. These two quantities are expected to be positively correlated in the presence of an interaction, with the prey fluorescence being dependent on the bait fluorescence. In this approach, statistical significance is determined globally and not on a per filopodium basis (see *Spatial correlation analysis*). Line scan data from ImageJ were imported into MATLAB and filtered as described earlier. The MATLAB tool exports the maximum bait and prey fluorescence measured at each filopodial tip. Paired bait and prey fluorescence values were plotted on an *x--y* scatter plot, with each data point representing one filopodium. Because this algorithm depends on absolute fluorescence values, it is critical that imaging conditions (objective, gains/exposures, illumination intensity) are kept constant between independent determinations.

Statistical analyses
--------------------

All statistical testing was performed in Prism (version 7.0, GraphPad). Data sets were analyzed for normality using the Shapiro-Wilk test. Comparisons between two treatment groups were made using Student's *t* test (assuming unequal SD) for normally distributed data and by nonparametric Mann-Whitney *U*-test otherwise. For multiple comparisons, one-way analysis of variance (ANOVA) was used with Tukey's post hoc test. All data are mean ± SD and from three independent experimental determinations, unless otherwise stated. Statistical significance is indicated uniformly throughout the article as \*, *p* \< 0.05; \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001; \*\*\*\*, *p* \< 0.0001.
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